Abstract-Ultrasound experiments were performed to collect in vivo calcaneal measurements in different orientations and at different frequencies and the experimental data were used for the evaluation and analysis of broadband ultrasound backscatter coefficients of the binary mixture model for the concellous bone. The results of experiments first revealed that the broadband ultrasound backscatter coefficient does not increase beyond 5 MHz frequency in accordance with prior research studies but contrary to the Binary Mixture model's cubic frequency dependence at all frequencies. Secondly, the experimental coefficients in different directions differ significantly. This is also contrary to the theoretical model's indifference to different directions.
INTRODUCTION
United Nation's statistics predicted that the ageing population to increase to 2 billion by 2050. This raises concerns over the possible increase in the incidence of agerelated diseases such as osteoporosis. Osteoporosis is the disease of the bone, particularly the cancellous bone, a heterogeneous structure consisting of many approximately cylindrically shaped scatterers known as trabeculae and the spaces between the trabeculae are filled with marrow [8] , [9] . This skeletal disease is characterised by a reduction of bone mineral density (BMD) and a disruption of bone microarchitecture, leading to enhanced bone fragility and a consequent increase in the risk of fracture, particularly of the spine, wrist and hip [2] , [4] . BMD accounts for eighty percent of the variation in bone strength while the bone microarchitecture accounts for the remaining twenty percent [2] .
Several conventional techniques such as the dual energy xray absorptiometry (DEXA/DXA) and quantitative computed tomography (QCT) utilised in the study of osteoporosis have been successful in measuring the BMD but have limited capabilities in detecting micro-structural changes [1] , [2] . In contrast to these techniques, ultrasound backscatter measurements provide information on the bone microarchitecture in addition to BMD. The backscatter is quantified by an acoustic parameter known as the broadband ultrasound backscatter (BUB) coefficient, which represents the fraction of the incident wave scattered in the propagation direction [6] .
Researchers attempted the measurement of BUB coefficient and recognized that the underlying radio frequency (RF) signal is not only indicative of solely the scattering effect. To overcome such limitation, several efforts are placed in establishing and validating sound theoretical models such as Faran, Weak Scattering and Binary Mixture models. Validation was carried out by comparing the experimental BUB coefficient values derived from manipulation of RF signal values to theoretical BUB values postulated by these models. It was noted in [2] , [7] that the Binary Mixture model has a potential through extensive theoretical studies but yet to be experimentally verified.
We conducted qualitative experimental evaluation and analysis of the BUB coefficients to validate the effectiveness of the Binary Mixture model in mimicking the scattering phenomenon in the human cancellous bone through ultrasound calcaneal measurements. The experimental BUB coefficients thus obtained are examined and compared with that obtained from the theoretical Binary Mixture model. The experimental and analysis results are presented in this paper to provide more understanding of the Binary Mixture model and guideline for better use of this model for early diagnosis of osteoporotic fracture risk and taking preventive efforts accordingly.
II. BINARY MIXTURE MODEL
The Binary Mixture Model models the cancellous bone as an immiscible, isotropic binary mixture comprising of only the bone matrix and marrow. The model relates the fluctuations in acoustic properties such as ultrasonic velocity and density of the bone to the corresponding volume fraction and acoustic properties of the aforementioned constituents [2] , [7] . The mixture model thus proposes a proportional relationship between the mean fluctuations in velocity and density to the BUB coefficient. This is represented by the following three main equations [2] . marrow, respectively, k is the wave number which is dependent on the ultrasound pulse frequency and a is the mean trabecula thickness.
The advantage of the Binary Mixture model is its simplicity and ease of use. Only parameters such as the volume fraction and frequency are required for the calculation of the BUB coefficient [9] . In addition, the model is flexible in accommodating to the complex micro-architecture of the bone [9] . There are three major factors limiting the accuracy of the Binary Mixture Model in mimicking the scattering within the bone as identified in [2] , which are the assumption of an exponential autocorrelation function as the function correlating density and velocity fluctuations, the approximation of the correlation length as the mean trabecula thickness of 130μm and the failure to consider structural anisotropy arising from the cancellous bone's three dimensional lattice of branching spicules and plate-like structures.
III. EXPERIMENTS OF BINARY MIXTURE MODEL
Researches previously focused only on theoretical studies to validate the effectiveness of the Binary Mixture Model in mimicking the scattering process in the cancellous bone. However experimental studies can evaluate the model in the real situation and further improve the credibility of the validation. Bearing this in mind, we carried out measurement for validating the model through qualitative comparison between the experimental BUB coefficient and theoretical coefficient in terms of frequency dependence and sensitivity to anisotropy.
A. Ultrasound measurements
The experimental measurement was conducted with the Sonix RP, which is a fully functional and flexible multipurpose ultrasound scanner. Ultrasonic measurements were performed using the linear transducer L14-5/38 with a frequency bandwidth of 5 to 14 MHz and an array length of 38mm. The transducer is widely utilised for scanning the musculoskeletal, vascular systems, thyroid, breast, abdomen and testicles.
The ultrasound backscatter measurements of the calcaneus bone of the eight healthy women in their early twenties in the medial-lateral (ML) direction were carried out at frequencies 5, 6.6 and 10 MHz. The calcaneus bone has a highly heterogeneous structure. Consequently, slight changes in the position of the foot relative to the transducers can result in large confounding effects and, hence, high variability in the measurements [1] . In order to get reproducible, more precise and accurate measurements that correlated well with the risk of osteoporotic fracture, it is necessary to define a standard region of interest (ROI) on the calcaneus bone for scanning [1] . This study defined an ROI with an area of 0.9 cm 2 surrounding a centre point 5/9 of the line, 45º to the vertical, from the tip of the lateral malleolus to the most posterior part of the heel, as shown in Figure 1 . This ROI corresponds to an anatomical site on the calcaneus bone at which accurate and precise BMD measurements can be obtained.
In addition, the study performed ultrasound backscatter measurements of the calcaneus bone of the eight subjects in the anterior-posterior direction at a frequency of 5 MHz. During both instances, each subject was scanned ten times and the average of the ten tries was computed. 
B. Evauation of BUB coefficients
The BUB coefficient corresponding to the backscatter measurements was then evaluated in which the above backscatter measurements were compared against the backscatter measurements corresponding to a stainless steel plate and through a correction for attenuation loss in the soft tissues overlying the cancellous bone [6] . It is noted that the backscattered RF signals utilized in the aforementioned procedure were restricted to a segment of the echo signal defined by a Hamming time window of 128 samples [6] . The defined segment of the RF signal corresponded to that of solely to a portion of the cancellous bone as depicted in Figure  2 . The numerical computing involved in the determination of the BUB coefficient was performed using Matlab.
The experimental BUB coefficient was computed in terms of the energy of the ultrasonic pulse scattered from the cancellous bone relative to the energy of the reference signal from a perfectly reflecting plane reflector, which was the steel plate [6] . The energy of the ultrasonic pulse scattered from the cancellous bone was weaker than that of the steel plate thus, the BUB coefficients, when expressed in decibels, were negative. A larger BUB coefficient would translate to a less negative value. The BUB coefficients computed in our evaluation took into account of the ultrasound attenuation in the soft tissue overlying the calcaneus bone. This should not be neglected because all echo amplitudes were a product of the local scattering strength and attenuation loss that arose from the traversal of the ultrasonic pulse through the soft tissues and cortical bone prior to reaching the cancellous bone [6] . Our treatment improved the experimental accuracy which was not performed in the existing literature.
For comparison purpose, the theoretical BUB coefficients were computed utilizing equations (1)-(3) and the acoustic properties given in Table 1 
IV. ANALYSIS OD BINARY MIXTURE MODEL

A. Frequency dependence of BUB coefficients
For comparison purpose, the theoretical BUB coefficients were computed utilizing equations (1)- (3) and the acoustic properties given in Table 1 at frequencies 5, 6.6 and 10 MHz, respectively.
The experimental BUB coefficients obtained for the computation of the measurement data at three centre frequencies are given in Table 2 . It is shown that the experimental BUB coefficient remain constant at frequencies ranging from 5 to 6 MHz and decreased with frequencies beyond 6 MHz, thus reinforcing prior study findings of no increase in the BUB coefficient at frequencies above 5 MHz [5] . The possible underlying cause of the decrease may due to the increasingly smaller backscatters from extensive attenuation at high frequencies and the conversion of longitudinal-to-longitudinal to longitudinal-to-shear scattering at the trabecular interface with absorption being the predominant energy loss mechanism of the transient shear waves instead of scattering [3] , [9] .
The theoretical BUB values determined from the Binary Mixture model holds cubic frequency dependence at all frequencies, as plotted in Figure 2 , in contrast to the existing result of [9] which indicated that the cubic frequency dependence is valid only at a low frequency range of 0.2 to 0.6 MHz [9] . Such a discrepancy may arise from the limitations inherent in the model such as the assumption of the autocorrelation function as an exponential function, the mean trabecular thickness of 130 μm as the correlation distance and the failure to consider structural anisotropy. Table 2 : BUB coefficients in the ML direction at frequencies 5, 6.6 and 10 MHz (Average of 10 tries/woman) Figure 3 : Frequency dependence of theoretical BUB coefficient
Subject
B. Sensitivity to anisotropy in cancellous bone
The human cancellous bone comprises of a three dimensional lattice of branching spicules and its plate like structure results in considerable anisotropy [2] . Thus, a change in the orientation would result in a consequent change in the direction of ultrasound propagation through the bone. Prior theoretical studies on the Binary Mixture model however neglected the anisotropy inherent in the cancellous bone thus resulting in the same BUB coefficient value regardless of the orientation.
Henceforth this study examined and analyzed the experimental and theoretical BUB coefficients in two different orientations namely the medial-lateral (ML) and anteriorposterior (AP) directions. Analysis was based on whether there was a difference between the BUB coefficient values in the ML and AP directions.
Our analysis can show that in general the experimental BUB coefficients corresponding to the scan of the eight subjects in the ML direction were approximately 40 to 50% greater than that in the AP direction as indicated in Table 4 and on the average, 43.7% greater, which therefore coinciding with the finding of 50% in [9] . The greater BUB coefficient in the ML direction was a result of the trabeculae axes being approximately perpendicular to incident ultrasound beam, providing the greatest possible cross-sectional area. This is unlike that in the AP direction, where a wide range of angles existed between the incident ultrasound beam and the trabecular axes.
The Binary Mixture model in contrast did not display any variations in the BUB coefficient with a transition from the ML to AP direction. It produced a constant BUB coefficient at both instances as shown in Table 5 . The model's insensitivity to anisotropy was mainly caused by its simplified assumption of the cancellous bone as an isotropic medium. This paper presents the work on experiments, analysis and validation of the effectiveness of the Binary Mixture model. The results indicate that the model is limited in its capabilities of mimicking the scattering process within the cancellous bone, possibly due to previously identified constraints like an exponential autocorrelation function, correlation distance as the mean trabecular thickness of 130 μm and assumption of the cancellous bone as an isotropic medium.
Models proposed in earlier studies are important in providing a theoretical platform to guide experimental studies towards getting accurate BUB coefficient values. The results of our experimental analysis may provide more realistic and practical guideline, for medical research communities and academia, to better use the Binary Mixture model in serving the early diagnosis of osteoporotic fracture risk and taking preventive efforts accordingly.
